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Abstract:  
Objectives Data on fluoride exposure of infants are sparse. This study aimed to estimate total daily 
fluoride intake (TDFI) of infants, aged 1-12 months, living in non-fluoridated and fluoridated areas 
in north-east England.  Methods Daily dietary fluoride intake was assessed using a 3-day food-
diary coupled with analysis of fluoride content of food/drink consumed, using a F-ISE and 
diffusion method. A questionnaire with interview was used to collect information on toothbrushing 
habits. TDFI was estimated from diet, plus fluoride supplements and dentifrice ingestion where 
used. Results Thirty-eight infants completed the study; 19 receiving fluoridated water (mean 0.97 
mgF/l) and 19 receiving non-fluoridated water (mean 0.19 mgF/l). Mean (SD) TDFI for the infants 
living in fluoridated and non-fluoridated areas was 0.107 (0.054) and 0.024 (0.015) mg/kg body 
weight per day, respectively. Diet was the only fluoride source for 87% of infants and none used 
fluoride supplements. For infants for whom mouth/teeth cleaning was undertaken, dentifrice 
contribution to TDFI ranged from 24 to 78%.  Conclusions Infants living in fluoridated area, in 
general, may receive a fluoride intake, from diet only, of more than the suggested optimal range 
for TDFI. This emphasises the importance of estimating TDFI at individual level when 
recommendations for fluoride use are being considered. 
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Introduction: 
Despite being largely preventable, dental caries is still one of the most common chronic diseases in 
children. The role of fluoride (F) in preventing and controlling dental caries is well established. 
Evidence suggests that the predominant caries-preventive effects of F occur through its topical 
rather than systemic effect.1 Topical oral exposure to low levels of F helps prevent 
demineralisation and promote remineralisation of early carious lesions. However, chronic 
excessive systemic F intake from birth to four years of age  is considered to be a key contributor to 
dental fluorosis development in permanent maxillary central incisors.2, 3 Furthermore, Levy et al.4 
has suggested that the six-nine-month-old period is most important in dental fluorosis aetiology for 
the primary dentition, while Warren et al.5 determined that the critical period for development of 
fluorosis in late developing primary teeth is from four months in utero until 11 months of age. 
Hence, children can be at risk of dental fluorosis in both dentitions depending on time and period 
of excessive systemic exposure to F. It is, therefore, important to control F intake, especially 
during enamel formation, to reduce the risk of dental fluorosis and this applies to both the primary 
and permanent dentitions.  
Although there is no consensus on the maximum safe daily intake of F, a total F intake of 0.05-
0.07 mg/kg body weight per day (mg/kg BW per d), in children younger than 12 years of age, is 
regarded as optimum for dental health benefits.6 It is also generally agreed that intakes of F should 
not exceed a Tolerable Upper Intake Level (UL) of 0.1 mg/kg BW per d, during infancy, to 
minimise the risk of dental fluorosis.6 
Dental fluorosis has been reported to be more prevalent in the permanent teeth of children who had 
been fed powdered infant milk formula diluted with the local fluoridated water supply during the 
first 4 months of life than in those who had been breast-fed.7, 8 However, the Iowa F Study 
recognises total F intake as the true risk factor for dental fluorosis9 and in infants this is dependent 
on their feeding patterns, F concentrations of infant milk formula and weaning foods/drinks, 
dentifrice usage and their toothbrushing habits.  
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Several studies in fluoridated areas, mainly conducted in North America in 1970s, estimated that 
daily F intakes of some infants were above the upper threshold of 0.07 mg/kg/d.10-12  
Consequently, infant formula manufacturers decided voluntarily to use non-fluoridated water in 
their products in response to a concern about dental fluorosis. However, recent studies13, 14 have 
shown a greater impact of the F content of water used to reconstitute infant powdered formula on F 
intake of formula-fed infants than the F content of the powdered formula itself. Furthermore, most 
recently there have been trends towards a greater use of ready-to-feed infant products due to their 
convenience. Recent studies in the UK.14, 15 have also shown some infant products to contain a 
relatively high concentration of F (for example, ready-to-feed meat- based weaning foods have 
been found to have a F concentration of up to 1.20 µg/g). Despite the importance of monitoring F 
exposure in infancy due to the potential bidirectional correlation between F exposure and oral 
health (i.e. caries prevention and dental fluorosis), to date there has been no study of total F 
ingestion in this age group in the UK.  This study aimed to estimate total daily F intake of infants 
living in non-fluoridated and fluoridated areas in the UK to provide current data on F exposure in 
infancy that reflect current dietary practice. 
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Material and Methods: 
This study was conducted according to the guidelines laid down in the Declaration of Helsinki and 
all procedures involving human subjects/patients were approved by the School of Health and 
Social Care – Teesside University  Ethics Committee [Ethics number:  059/10] and the Faculty of 
Medical Sciences Ethic Committee, Newcastle University [Ethics number: Case 000311].  
The study was undertaken in fluoridated and non-fluoridated areas of north-east England. Parents 
of healthy infants aged 1-12 months who were lifelong residents of the area were contacted. 
Informed written consent was obtained from the 40 parents who volunteered to take part in the 
study: 20 from an artificially fluoridated area and 20 from a non-fluoridated area.  
The weights of the infants, with light clothes, were measured to the nearest 0.1 kg using a portable 
digital baby scale (Learning Curve Brands Inc., UK).  
The dietary F intake of the infants was estimated using a 3-day food-diary on three consecutive 
days – two weekdays and one weekend day.16 A diary was given to each parent with verbal and 
written instructions on how to complete the food-diary for their infant.  Each parent was 
interviewed on the fourth day to ensure that all food and drink items consumed by their infant had 
been recorded and samples of all food and drink, including breast-milk, consumed by the infants 
during the 3 day dietary assessment were collected. In breast-fed infants, consumption of breast-
milk was quantified from reported energy requirements, by age and gender, of breast-fed infants17 
and the average caloric density of human milk of 651 kcal/l.18 
F concentrations of food and milk samples were measured after overnight diffusion using a F ion-
specific electrode.19, 20 Fluoride concentrations of water and other drink samples were measured 
directly after adding Total Ionic Strength Adjustment Buffer, using a F ion-selective electrode.15 
For each infant the daily dietary F intake (mg/d) from each individual food/drink item was then 
estimated by multiplying the intake of the item (g/d) by its F concentration (mg/g).  
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Information on the infant’s toothbrushing was obtained using a parental questionnaire and face-to-
face questioning. In the case of dentifrice use, the frequency of cleaning/brushing, type and amount 
of dentifrice used and time of brushing were recorded. The amount of F ingested through brushing 
was estimated from the weight and frequency of dentifrice use, assuming almost all dentifrice used 
in brushing is swallowed by an infant at this age. 
No infant used F supplements, therefore the total daily fluoride intake (TDFI) for each infant was 
calculated by combining F intake from diet and any dentifrice ingestion.  
The data were analysed descriptively using SPSS version 17.0 (IBM). 
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Results 
In total, 38 infants completed the study; 19 from each area. The mean (SD) F concentrations of 
home supply water in the fluoridated and non-fluoridated areas were 0.97 (0.13) and 0.19 (0.10) 
mg/l, respectively. 
More than 70% of infants were <six months and of those, 50% were <three months of age at the 
time of the study. The median age of infants was 3.3 months in fluoridated areas and 3.0 months in 
non-fluoridated areas (Table 1). The median weights of infants in the fluoridated and non-
fluoridated areas were 5.9 and 5.4 kg, respectively (Table 1). 
Only four infants were exclusively breast-fed: one in the fluoridated area and three in the non-
fluoridated area. Overall, 89% and 84% of infants in the fluoridated and non-fluoridated areas, 
respectively, were fed with infant powdered formula milk, prepared with home tap water, either 
exclusively or as part of their whole diet. The proportions of weaned infants were similar (21%) in 
both areas.  
The overall mean (SD) TDFI for all infants living in the fluoridated (n=19)  and non-fluoridated 
(n=19) areas was 0.107 (0.054) and 0.024 (0.015) mg/kg BW per d, respectively.  The mean (SD) 
dietary F intake for those living in the fluoridated and non-fluoridated areas was 0.103 (0.057) and 
0.021 (0.012) mg/kg BW per d, respectively.  
Diet was the only source of F intake for 33 infants; 17 in the fluoridated and 16 in the non-
fluoridated areas. The median (range) TDFI of the infants without habitual tooth brushing was 
0.136 (0.003, 0.181) mg/kg BW per d in the fluoridated area and 0.024 (0.003, 0.042) mg/kg BW 
per d in the non-fluoridated area (Table 2). F intake of weaned infants without habitual tooth 
brushing was slightly lower than that of non-weaned infants in both areas. Infant milk formula was 
the main source of F intake for the infants without tooth brushing habits; whereas for infants in 
whom mouth/teeth cleaning was undertaken, the mean F intake from toothpaste ingestion was the 
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main source of F intake (Table 3).  F intake from toothpaste ingestion contributed to up to 78% of 
TDFI for those infants with habitual tooth brushing.  
There was an inverse relationship between age and TDFI for those infants living in the fluoridated 
area , whereas a positive trend in the relationship between age and TDFI was observed  for the 
infants living in the non-fluoridated area (Fig 1).  
Only five percent of infants living in the non-fluoridated area had a TDFI within the so called 
“optimal” range of 0.05-0.07 mg/kg BW per d, while for the remaining infants it was less than 
0.05 mg/kg BW per d.  In the fluoridated area, 21% of infants had a TDFI of less than 0.05 mg/kg 
BW per d whereas it was more than 0.10 mg/kg BW per d for 53% of infants living in the non-
fluoridated area (Fig 1).  
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Discussion 
The present paper is the first report on total daily F intake of infants, from all sources, in the first 
year of life, in the UK. This is also the first study in which a detailed assessment of dietary F 
intake over three days was undertaken using a 3-day food-diary with interview method together 
with an analysis of F content of both ready-to-feed and home-made food/drink items actually 
consumed by infants. This study is also unique in that it estimated F intake of breast-fed infants 
and has indicated that diet was the only source of F intake for the infants up to age of nine months 
in both fluoridated and non-fluoridated areas and the predominant source of F until the age of 12 
months in the fluoridated area. 
The compatibility of the UK infant dietary guidelines with those of the European Society for 
Paediatric Gastroenterology, Hepatology and Nutrition’s Committee on Nutrition21 for the 
European region implies similar infant feeding patterns in the UK and other European countries. In 
addition, the food/drink items consumed by infants, in the present study, were manufactured by the 
leading companies in the European baby food market.14, 15 Therefore, the findings of this study on 
dietary F intake of infants are relevant to other European countries with similar exposures to 
fluoridation (i.e. similar F concentrations in fluoridated water supplies or salt). 
In the present study, the observed positive trend between a child’s age and TDFI for those living in 
the non-fluoridated area could be mainly due to the increasing use of fluoridated dentifrice in the 
older (9- to 12-month) children.  On the other hand, the inverse relationship between age and TDFI 
for the infants living in the fluoridated area may have been due to decreased F intake from 
reconstituted infant formula and the introduction of weaning foods/drinks containing less F with 
age.  A trend towards a decline in TDFI from 0.074 mg/kg BW per d at 1.5 months of age to 0.036 
mg/kg BW per d at 12 months of age was also reported in Iowa-US in 2001.22 
Cressey13 used a stochastic model to estimate the dietary F intake of fully formula-fed infants in 
New Zealand. Based on an average prepared infant milk formula F concentration of  0.76 mg/l, the 
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dietary F intake was estimated to be 0.11 mg/kg BW per d. Using the same stochastic approach, an 
average  dietary F intake of 0.132 mg/kg BW per d was estimated for exclusively formula-fed 
infants in Ireland, if the prepared formula F concentration was 0.84 mg/l.23  The mean dietary F 
intake of 0.103 mg/kg BW per d obtained in the present study was slightly lower than the 
hypothetical estimates of dietary F intake for infant reported by these two latter studies in New 
Zealand and Ireland. However, the median dietary F intake of 0.683 mg/d (range: 0.010 to 1.002 
mg/d) found for infants without tooth brushing habits living in fluoridated area, in the present 
study, was higher than the corresponding values of 0.330 mg/d (rang: 0.005 to 2.076 mg/d) and 
0.407 mg/d (range: 0.011 to 1.900 mg/d) reported for six- and nine-month old infants, respectively, 
living in Iowa-US.24  
Most previous F intake studies in infants have focused on intake of F mainly from drinks 
(including infant milk formula).  The mean contribution of 35% of dietary F from solid foods 
obtained for weaned infants in the present study was in agreement with the corresponding 
contribution of 39%  reported for 12-month old infants in Iowa-US.24  However, the present study 
showed that the contribution of solid foods to total dietary F intake could be up to 89% in weaned 
infants.  
Epidemiological surveys in the UK have shown evidence of dental caries experience in 39% of 5-
year-olds25 while 33% of 11-year-olds26 have dental caries. Dental fluorosis prevalence (at any 
severity level) of 55% in fluoridated areas and 27% in non-fluoridated areas27 have been reported, 
although for dental fluorosis of aesthetic concern the prevalence was 7.1% in fluoridated areas and 
1.2% in non-fluoridated areas.  Although the proportions of infants receiving formula feeds were 
similar at 89% in fluoridated and 84% in non-fluoridated areas, in the present study, the TDFI of 
almost 79% of the infants living in the fluoridated area exceeded the F intake threshold of 0.07 
mg/kg BW per d, while TDFI of 95% of infants living in non-fluoridated areas were below the 
lower threshold of the suggested ‘optimal’ F intake (0.05 mg/kg BW per d). The findings of this F 
intake study of infant are of importance since 55% of newborns in the UK are fed with infant 
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formula reconstituted with water: this proportion increases to 93% at four months and almost 
100% at six months.28 
The longitudinal Iowa F study9 compared the F intake during infancy of nine year olds with and 
without fluorosis and reported a median (25th and 75th percentiles) of 0.440 (0.185, 0.694) and 
0.276 (0.135, 0.600) mg/d, respectively. In view of the reported overlap in F intake of groups with 
and without fluorosis reported in the Iowa study, the strict use of the suggested range of optimal F 
intake might not be an appropriate basis for endorsement of any oral health strategy which requires 
decision-making at a community level. 
The proportion (53%) of infants living in the fluoridated area exceeding the UL of 0.1 mgF/kg BW 
per d in the present study was higher than the values of 42% and 14% estimated for infants aged 
1.5 and 12 months, respectively, living in the fluoridated area of Iowa –US.22 This US study 
estimated the combined F intake from water, dentifrice and supplements but did not include other 
potentially important sources of F such as ready-to-feed food and drinks and it also used self-
administered questionnaires to collect the dietary information. The differences found between the 
present and the Iowa study could be due to the different methodology used for data collection as 
well as different dietary and oral hygiene habits of infants.  Although the present study is based on 
a much smaller sample size, the collection of detailed information on F intake of infants from all 
important sources including total diet, toothpaste and supplements using a 3-day food-diary, F 
analysis of all consumed food and drinks by infants and individual interviews with parents does 
provide a thorough inclusive insight into the primary F sources in this age group. 
In conclusion, this study showed that diet was the main source of F intake for infants. The study 
also showed no weaned infant (> six months of age) had a TDFI of more than the UL of 0.1 mg 
F/kg BW per d; whereas more than half of non-weaned formula-fed infants exceeded the UL 
which may increase their risk of developing dental fluorosis. On the other hand, almost all infants 
living in a non-fluoridated area received less than optimal F exposure to help prevent dental caries.  
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The prevalence of dental caries in young children in the UK highlights the need for primary 
prevention programmes where community-based fluoridation schemes are scarce, as a key strategy 
for reducing caries experience in populations. This study confirms that an estimation of TDFI at 
both an individual and community level is very important when recommendations for F use are 
being considered with the goals of maximising dental caries prevention while minimising risk of 
dental fluorosis.  
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Table 1.  Median, minimum and maximum age (months) and weight (kg) of infants 
residing in fluoridated-water and non-fluoridated-water areas. 
 n Age (months)  Weight (kg) 
  Median Min Max  Median Min Max 
Fluoridated-water area  (0.97 mgF/l) 
All infants 19 3.3 0.8 12.5  5.9 3.0 11.6 
Infants with no brushing habits  17 3.2 0.8 11.8  5.8 3.0 11.6 
Infants with  brushing habits  2 12.3 12.0 12.5  10.6 10.2 11.0 
         
Non-fluoridated-water area (0.19 mgF/l) 
All infants 19 3.0 1.2 12.0  5.4 4.3 11.8 
Infants with no brushing habits  16 2.4 1.2 11.5  5.1 4.3 10.0 
Infants with  brushing habits  3 11.2 10.0 12.0  10.4 9.1 11.8 
         
All infants from both areas 38 3.2 0.8 12.5  5.8 3.0 11.8 
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Table 2.  Median, Minimum and Maximum Total Daily F Intake (TDFI) of infants without toothbrushing habits residing in fluoridated 
(no. of infants: all=17, weaned=4, non-weaned=13) and non-fluoridated-water (no. of infants: all=16, weaned=4, non-weaned=12) areas  
 All infants  Weaned infants  Non-weaned infants 
 Median Min Max  Median Min Max  Median Min Max 
Fluoridated-water area (0.97 mgF/l)         
Age (months) 3.0 0.7 10.9  10.0 4.1 10.9  2.8 0.7 3.7 
Daily F intake from:            
Milk, all types (mg/d) 0.683 0 1.002  0.423 0 0.599  0.704 0.010 1.002 
Other drinks (mg/d) 0 0 0.029  0.021 0.005 0.029  0 0 0 
Solid food (mg/d) 0 0 0.180  0.112 0.033 0.180  0 0 0 
Total Daily F intake            
- mg/d 0.683 0.010 1.002  0.564 0.170 0.661  0.703 0.010 1.002 
- mg/kg BW§  per d 0.136 0.003 0.181  0.060 0.015 0.095  0.140 0.003 0.181 
Non-fluoridated-water area (0.19 mgF/l)         
Age (months) 2.2 1.1 10.6  5.0 4.4 10.6  2.0 1.1 3.7 
Daily F intake from:            
Milk, all types (mg/d) 0.102 0.014 0.210  0.092 0.065 0.106  0.130 0.014 0.210 
Other drinks (mg/d) 0 0 0.019  0.010 0.002 0.019  0 0 0 
Solid food (mg/d) 0 0 0.071  0.058 0.023 0.071  0 0 0 
Total Daily F intake            
- mg/d 0.141 0.014 0.221  0.170 0.091 0.221  0.130 0.014 0.210 
- mg/kg BW§  per d 0.024 0.003 0.042  0.020 0.018 0.030  0.027 0.003 0.042 
 19 
§ BW, body weight 
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Table 3.  Total Daily F Intake (TDFI) of  5 infants with toothbrushing habits residing in 
fluoridated-water and non-fluoridated-water areas. 
 Infant 
 1 2 3 4 5 
Area of residency F* F* NF† NF† NF† 
Age (months) 11.3 11.5 9.0 11.1 10.4 
Sources of F intake:      
Milk (mg/d) 0.257 0.463 0.136 0.088 0.065 
Other drinks (mg/d) 0.036 0.046 0.021 0.001 0.004 
Solid food (mg/d) 0.178 0.133 0.073 0.053 0.119 
Toothpaste (mg/d) 0.500 0.200 0.201 0.500 0.100 
Total daily F intake (TDFI):      
mg/day 0.972 0.841 0.430 0.642 0.288 
mg/kg BW§ per d 0.095 0.076 0.047 0.054 0.028 
F in toothpaste as proportion 
of TDFI (%) 
51 24 46 78 35 
 
§ BW, body weight 
* Fluoridated-water area  (0.97 mgF/l) 
† Non-fluoridated-water area (0.19 mgF/l) 
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Fig 1. Association between total daily fluoride intake (TDFI) and age for infants living in 
fluoridated-water (0.97 mg F/l) and non-fluoridated-water (0.19 mg F/l) areas. 
Dotted straight lines represent lower (0.05 mg F/kg BW per d) and upper (0.07 mgF/kg BW per 
d) thresholds for the suggested optimum fluoride intake 
 
2 Overlapped marker which represents two infants of the same age (1.4 months), and  similar 
TDFI (0.026 and 0.027 mgF/kg BW per d) 
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